Abstract. We have found flow burst features in the nightside ionosphere that are thought to be the ionospheric signature of distant tail reconnection. These are observed to form just prior to substorm onsets. Simultaneous observations by the Goose Bay-Stokkseyri dual HF radars and DMSP satellites provide the data. Our conclusions are based on equatorward flow bursts on the nightside during two isolated substorms that followed a long period of magnetospheric inactivity associated with a northward interplanetary magnetic field. Both flow bursts start -60 min after the growth phase onset and last 20 min until the expansion phase onset, migrating equatorward with time. Simultaneous DMSP observations of precipitating particles show that the flow burst occurs at the polar cap boundary, suggesting that the equatorward migration corresponds to the expansion of the polar cap during the growth phase. For one event, the reconnection electric field at 400 km altitude was 14 mV/m and its longitudinal scale was 290 km, which is equivalent to a reconnection voltage of 4.1 kV. For the other event, these values were 11 mV/m (reconnection electric field), 380 km (longitudinal scale), and 4.0 kV (reconnection voltage). In addition to the reconnection signatures, we discuss implications for substorm dynamics during the final stage of the substorm growth phase. The morphology indicates that the distant tail neutral line is activated -1 hour after the growth phase onset and at the same time the nightside separatrix starts to move equatorward much faster than during the preceding early and middle growth phases. The l-hour time lag would correspond to the timescale on which slow rarefaction waves from both northern and southern tail lobes converge in the equatorial magnetotail. The fast-moving separatrix on the nightside implies a rapid change of magnetotail configuration resulting from nonlinear enhancement and/or earthward movement of the cross-tail current for the last 10-20 min prior to the expansion phase onset.
Introduction
Magnetic reconnection is one of the fundamental physical processes of magnetospheric physics; many magnetospheric phenomena are well organized by the magnetic reconnection scenario. Its most noticeable success is an explanation of convective flows within the magnetosphere. Large-scale convection patterns resulting from reconnection between the interplanetary and geomagnetic fields have been established as a paradigm of magnetospheric phenomenology. For periods of southward interplanetary magnetic field (IMF), reconnection on the dayside magnetopause couples the solar wind electric field with the terrestrial magnetosphere, and this coupling transfers open magnetic flux to the magnetotail. Subsequent where B represents the magnetic field, and V and U denote the plasma and separatrix velocities in the frame of reference. The voltage integrated along the X line is called the reconnection voltage.
As noted above, in order to show the presence of reconnection, it is necessary to determine the relative velocity between plasma flow and the separatrix motion. Using incoherent scatter radar data obtained at Sondrestromfjord, de la Beaujardibre et al. [1987] showed, in an example from the 1400-1600 MLT (magnetic local time) region, that the ionospheric flow was poleward during the time of polar cap expansion. In their study, the convection reversal boundary was taken to be the polar cap boundary. Using the same facility, de la Beaujardibre et al. [1991] estimated the reconnection rate (electric field) on the nightside; that was the first quantitative study of reconnection measurements. Blanchard et al. [1996] refined de la Beaujardikre et al. 's [1991] work and investigated the dependence of the nightside reconnection rate on MLT, interplanetary physical parameters, and substorm activities. Using Goose Bay HFradar data, Baker et al. [1997] measured the dayside reconnection rate during a Geospace Environment Modeling (GEM) campaign period.
In all these previous studies, the main difficulty was to determine the location of the separatrix, and this was the prime source of errors. In the postnoon observations by de la Beaujardikre et al. [1987] , the east-west reversal of large-scale convection was taken as the location of the separatrix. The justification for this interpretation was that the poleward edge of electron precipitation observed by the NOAA 7 satellite was very near to the convection reversal. However, the convection reversal does not necessarily coincide with the polar cap boundary. Lockwood et al. [1989] used EISCAT radar observations in the 0300-0700 MLT sector to show that the poleward convection velocities at the convection reversal boundary consistently exceeded the poleward motion of the boundary when both plasma flow and convection reversal motion were poleward. They interpreted this to mean that the convection reversal lay some distance equatorward of the open-closed field line boundary. In the nightside work of de la Beaujardi•re et al. [1991] , a sharp cutoff in the electron density in the E region was assumed to correspond to the sharp cutoff of precipitating electrons at the polar cap boundary. In addition to the E region electron density, Blanchard et al. [1996] used observations of 630-nm auroral emissions as a diagnostic tool of the polar cap boundary as suggested by Blanchard et al. [1995, 1997] . In the dayside work of Baker et al. [1997] , lineof-sight Doppler spectral widths were used as a key parameter to identify the dayside cusp. This choice was based on a previous interpretation of broad spectral widths as the ionospheric signature of the cusp in HF radar data [Baker et al., 1990 [Baker et al., , 1995 . Thus the determination of the open-closed boundary location is crucial for proper reconnection studies.
In this paper, we presume that the migration of the flow burst region is the motion of the polar cap boundary itself. This assumption is supported by the simultaneous particle observations with the DMSP satellites. We also show that in certain cases backscattered power peaks can be used as a tracer of the reconnection region.
Observations
From the survey of Super Dual Auroral Radar Network (SuperDARN) data in October and November 1995, we have found four similar flow burst events in the nightside ionosphere that occurred during the growth phase of an isolated substorm. In two events of the four, simultaneous observations of DMSP satellites in the radar field of view enabled us to reveal the physics of the flow burst. In this paper, we report these two flow burst events observed by the Goose BayStokkseyri dual HF radars: one on November 16, 1995, and the other on October 27, 1995. Both occurred just prior to the substorm expansion phase onset and showed nearly the same features. We think the two events are essentially the same.
The Goose Bay and Stokkseyri radars are a pair of radars forming part of the SuperDARN designed to image global ionospheric convection over large spatial regions. The Super-DARN radars operate at frequencies between 8 and 20 MHz and measure the coherent backscattered power and Doppler spectral characteristics of decameter-range field-aligned irregularities in the E and F regions. At F region altitudes, the line-of-sight Doppler velocity of the irregularities gives a measure of the electric field drift of the plasma. Normally, the SuperDARN The first event occurred on November 16, 1995. Table 1 Table 1 ), was also operational and enabled the production of twodimensional maps of plasma convection in the common viewing area of the two radars. 
October 27, 1995, Event
The second event occurred on October 27, 1995, and its morphology was almost the same as the first example. [1987] provided a theoretical framework of backscattered power for an HF radar. They showed that the backscattered power falls off as the square of the range. The enhancements in power above the inverse square law curve could be attributable to either ionospheric focusing effects or production of strong irregularities. Walker et al. [1987] suggested that the focusing would only produce enhancements in power of a few decibels. Plate 5 shows that the power value at the peak is ---10 dB higher than the value of the surrounding regions. Therefore the power enhancement in Plate 5 indicates that there is a region with strong irregularity production. Such strong irregularity could be due to large electron density gradients, plasma velocity shears, or intense particle precipitation. Baker et al. [1990] noted that the dayside cusp was found to be a region of relatively high radar backscatter power compared to surrounding regions, indicating that 10-m scale ionospheric irregularities were preferentially generated within the cusp. Since the same physical process (i.e., reconnection) is expected to occur on the nightside, the power hotspot in Plate 5 may be caused by strong irregularity associated with reconnection.
(Quantitative proof of reconnection will be given below.) Thus we can use the power peak as a tracer of the phenomenon and determine the separatrix motion less ambiguously. The power peak was identified from the start of the bursty flow (Plate 3d) The effect of incompressible ionosphere appears to be observable also in the November 16 event. After the growth of the flow burst at 2318 UT (Plate le), a sunward and westward flow appears in the polar cap region to the northeast of the flow burst and enhances with time (Figures 2b-2d ). This flow is also observed by DMSP F12 (Plate 2) as the high-speed crosstrack ion drift just poleward of the open-closed boundary. Some portion of this flow could be attributable to the incompressible ionosphere. In the magnetosphere, a fast rarefaction wave is launched from the premidnight reconnection region into the polar cap and accelerates the plasma towards the reconnection region. In addition to the incompressible ionosphere, this fast mode wave in the magnetosphere would also contribute to the strong sunward and westward flow just poleward of the open-closed boundary. The substorms investigated here occurred after a long period of magnetospheric inactivity associated with a northward IMF. Therefore the nightside reconnection revealed in this paper is taken to be a magnetospheric response to the southward turning of the IMF, namely to dayside reconnection. Both flow bursts started -1 hour after the growth phase onset. Blanchard et al. [1996] showed that the nightside reconnection electric field is correlated with IMF B• with a 70-min lag, so our present observations are consistent with this previous work. The time lag is suggested to be the timescale on which the distant tail neutral line is activated as a consequence of dayside reconnection. We will discuss this timescale here.
After reconnection on the dayside magnetopause commences, solar wind plasma enters the magnetosphere and fills the tail lobes. For the moment let us assume that the solar wind plasma expands into vacuum tail lobes. MHD theory tells us that only a slow rarefaction wave allows expansion into the vacuum. Therefore the formation of the plasma mantle or high-latitude boundary layer can be modeled by a slow expansion fan [Siscoe and Sanchez, 1987] . In the real magnetosphere, the lobes are not a vacuum; hence a contact discontinuity will precede the slow expansion into the tail lobes. The discontinuity separates the plasmas of solar wind origin from the plasmas of Earth origin. The slow rarefaction waves from the northern and southern tail lobes will converge at some finite distance downstream in the equatorial magnetotail. Coroniti [1985] Figure 4 and three data points in Figure  8 correspond, respectively, to Plates la-lc and Plates 3a-3c. Here we calculated the mean value of the plasma velocity at the "expected" boundary location determined from the extrapolation of the linear regression in Figures 3 and 7 , with an assumption of constant boundary motion speed throughout the events. In the case of the October 27 event (Figure 8) , the plasma flow speed at the (virtual) boundary prior to the flow burst onset is much lower than the (assumed) boundary motion speed. In the case of the November 16 event (Figure 4) , the relative speed of the plasma is still positive or zero for the two scans before the flow burst start but it becomes negative for the third scan prior to the flow burst onset. Negative relative velocity of the plasma means that an equatorward moving separatrix on the nightside overtakes the equatorward moving plasma and the reconnection rate at the X line is negative. Within the accepted framework of reconnection this cannot be possible. Therefore we can conclude that the boundary speed prior to the start of the flow bursts must have been less than the boundary speeds derived from our regression analysis. The fast equatorward migration only started at 0136 UT for the October 27 case and at 2313 UT for the November 16 case, at nearly the same time as the flow burst onset.
Is the fast-moving boundary at the end of the growth phase a feature at all local times? The ionospheric projection of the separatrix is often modeled as a circle for simplicity. The polar cap expands equatorward during the growth phase due to the enhanced dayside reconnection rate. Let us assume for a moment that the expansion of the polar cap is independent of local time, namely, open flux added at the dayside cusp is uniformly redistributed over all local times to form a circular polar cap. If the dayside reconnection rate is constant, then the incremental change of the polar cap radius should diminish with time (since the area of the circular polar cap is proportional to the radius squared), which is the opposite of the observation. In reality, the solar wind parameters are not constant, and consequently the dayside reconnection rate would not be constant. Although we do not know exactly how the dayside reconnection rate depends on solar wind parameters, as an initial approximation we would expect the southward component of the IMF to contribute most to the dayside reconnection rate. The rapidly expanding polar cap at the end of the growth phase would require a steeply increasing southward IMF for the flow burst period. However, such a signature was not observed for both events: In the October 27 event, the IMF Why does the polar cap expand nonuniformly? There are at least two factors that determine the shape of the separatrix: one is the magnetic flux budget through the separatrix by the reconnection processes, and the other is the magnetic field configuration itself. The fast-moving boundary at the end of the growth phase on the nightside would be attributable to the latter factor. The change of magnetospheric configuration really means the change of electric current distribution. The most plausible cause of the configuration change would be a more rapid intensification and/or earthward movement of the crosstail current for the last stage of the growth phase. It is well known that during the growth phase, magnetic fields at geosynchronous altitude are distorted progressively to a more taillike configuration until the expansion phase onset [e.g., Sauvaud and Winckler, 1980] . However, at geosynchronous altitude there seems to be no abrupt configuration change 10-20 min prior to the expansion phase onset as envisaged in this study.
Using AMPTE/CCE data in the near-Earth magnetotail (Ixl-6-9 RE), Ohtani et al. [1992] have found that an "explosive growth phase" characterized by a sudden enhancement of growth phase perturbation (reduction of B•) precedes the full onset of substorms. However, the timescale of their explosive growth phase is normally less than one minute and is much shorter than that (10-20 min) of the flow burst phenomenon studied in this paper. We infer that the explosive growth phase is a phenomenon associated with the expansion phase onset and essentially different from the global magnetotail configuration change in the late growth phase delineated in this study. It is certain that the magnetotail configuration change happens nonlinearly at the end of growth phase, although we do not know the details of the process from the present study. However, we have shown that the nonlinear growth starts -1 hour after the southward turning of the IMF and this time span corresponds to the timescale on which slow expansion fans from the dayside cusps fill the magnetotail lobes. We think this is important for future modeling of substorms. 
